Seventy eight atomic bomb survivors were examined for biological dosimetry using chromosome abnormality. They had been exposed within 500 meters from the hypocenter in heavily shielded conditions and were found from NHK-RIRBM joint study carried out from 1966 to 1971. Estimation of the exposure doses for these survivors was made under the following steps; 1) calculation by DS86 system (physically estimated doses) in survivors who had been exposed within 1,500 meters and had precise records of exposure conditions. RBE for the neutron was defined as 10. 2) setting of exposure dose-chromosome aberration curve, and 3) observation of chromosome aberrations in the proximally exposed survivors, for whom biological doses were estimated. Estimation of the exposure doses were possible from the aberration rate of chromosome in the peripheral lymphocytes, even 25 -40 years after the exposure. Of the 78 survivors, 96% were estimated to have exposed more than one Sv.
INTRODUCTION
Several biological dosimetry can be apply for radiation-exposed human people, such as leukocyte count in peripheral blood, epilation, character and appearance time of exposed skin, chromosome aberration and somatic gene mutation.
The damaging effect of ionizing radiation on chromosomes has been known since the early part of this century but it was not until the late 1930s that Sax carried out the first quantitative studies with x-irradiated Tradescantia microspores 1) . Over the following 20 years Sax and other workers using cells from Tradescantia and other plants showed how the yield of chromosome aberrations changed with many parameters such as dose, dose rate, linear energy transfer (LET), temperature, and oxygen concentration. In 1946, Lea proposed a theory for chromosome breaks suggesting that they were produced by several ionizations caused by a single particle as it passed through the chromosome or chromatid 2) .
In 1960, Moorhead et al described a method for stimulating human blood lymphocytes with phytohaemaglutinin(PHA) to divide in culture, which made a breakthrough enabling many of the quantitative studies on the plant cells to be reexamined with human material 3) . Many of the early human data on chromosome aberrations were obtained by PHA stimulated cells in culture and incubating for three or more days. Most of the work is now considered unreliable. At present, it is essential to culture for only two days in order to prevent the inclusion in the analysis of excessive numbers of second-division cells.
In the present study, the two day culture method was applied for Atomic bomb (A-bomb) survivors who had been exposed within 500 meters from the hypocenter in several shielded conditions, to estimate exposed doses. Most of the survivors showed more than one Sv of irradiation. The health consequences of these survivors were also recorded.
MATERIALS AND METHODS

Proximally exposed people
Seventy eight A-bomb survivors who had been exposed within 500 meters from the hypocenter were collected at the time of previous study carried out from 1966 to 1971 4) . They were 50 males and 28 females ; 42 were exposed at the age less than 30 years and the other 36 were more than 30 years at time of bombing. Of the 78 survivors, 21 were exposed at Fukoku Building, 19 in the building of "Bank of Japan", 8 in the building of "The First Army Hospital", 7 in street cars, 5 in the building of "Bank of Geibi", two each at "Motomachi Primary School", "Rest House" and "Fukuro-machi Junior High School" and the rests were exposed in or near their own house ( Fig. 1) .
Estimation of exposure doses
Chromosome analysis was performed using a standard protocol of two day culture for peripheral lymphocyte in the medium containing PHA 5) . Two hundred of metaphases, at least 50, were analyzed under microscope and abnormal metaphases were taken for photograph and karyotyped. The estimation of exposure doses was carried out using the percentage of stable type of chromosome aberration, referring a formula, chromosome aberration rate (%) = 3.1 + 9.1 DOSE. The formula was made in the following steps ; 1) calculation by DS86 system (physical doses) was made in the survivors who had been exposed within 1,500 meters and had precise records of exposure conditions, enough for the physical calculation. RBE for the neutron was defined as 10. Thereafter, a regression curve was obtained using the physical doses to the bone marrow and percent of chromosome aberrations. Then, chromosome analysis was carried out for dose-unknown survivors to get biological doses. . DNA from patients and the plasmid pSV2Neo gene DNA were co-transfected into NIH3T3 cells and the transfected cells were selected with the antibiotics, neomycin, and then injected into subcutaneous sites of nude mice. Tumors appeared 4-8 weeks after inoculation of transfected cells, if existed. DNAs were extracted from the tumors and were examined for Alu sequence specific for human DNA and for N, H, and K RAS transforming genes. As a control, five DNA samples extracted from bone marrow cells of healthy students in medical school were tested in the same way.
Follow up of the survivors
They were examined their health condition at Hiroshima University once or twice a year. In case they died at a hospital out side of Hiroshima, death certificate or a copy of chart of the survivors was collected by their family or by our staffs after receiving informed consent of the family, in order to confirm the disease that brought the survivors to the death.
RESULTS
Setting a regression curve for dose estimation
The findings from 17 survivors whose dose estimation was made through both the physical dose and percent of chromosome aberration were used for the calculation. Figure 2 shows relation between chromosome aberration rate and estimated dose (DS86). A regression curve was obtained for estimation of exposure doses (DS86); chromosome aberration rate (%) = 3.0 + 9.1 ¥ DOSE, with 95% of confidence interval as shown by broken lines. Only stable type of chromosome abnormality was used for the calculation. 
Estimation of exposed doses from chromosome aberration
All 78 survivors had been exposed in several shielded conditions within 500 meters from the hypocenter and could not be calculate their physical doses (DS86). Peripheral lymphocyte from 46 survivors were able to be cultured for chromosome analysis. After the analysis of chromosome aberration, exposed doses were estimated using the former regression curve. The Table  1 shows the estimated doses from the chromosome aberration in the survivors exposed inside of "Bank of Japan". Even in the same building, the estimated doses greatly differed from survivors to survivors, ranging from 2 to 5 Sv.
Estimated doses at several exposure sites within 500 meters from the hypocenter is shown in Table 2 . "Honkawa Primary School" located at 340 meters and was made of woods. On the other hand, "Bank of Japan" located at 300 meters, more proximate from the hypocenter. The bank was a Ferro-concrete building. As shown in Table 2 , biologically estimated doses at the bank was remarkably less than that of "Honkawa Primary School", because of the heavy shielding of the bank building. Chromosome aberration rate of the lymphocyte did not change in the same survivor 30 to 40 years after the bombing (data not shown).
Distribution of the estimated doses among the survivors exposed within 500 meters is demonstrated in Fig. 3 . Most of the survivors were estimated to have been exposed more than one Sv of radiation. Three survivors with estimated dose less than one Sv were exposed at underground of a building which located at 200 meters from the hypocenter.
Transforming genes in healthy A-bomb survivors
Transforming gene(s) was detected in all four non-leukemic healthy survivors examined (Table 3) . Cases IK, HY, and SM were detected N RAS, of which codon 12, codon 12 and codon Figure 4 shows a nude mouse representing tumor formation at the site of injection of DNA extracted from an A-bomb survivor exposed 3.0 Sv at 14 years old age (case SM). Case IK developed colon cancer ten years after the experiment. Case TS had breast cancer nine years later. Case HY(HY in Table 1 ) died of heart attack one year after the experiment. Case SM became to have myelodysplasia which transformed into leukemia 7 years after the experiment. The control DNAs from medical students did not show any transforming genes.
The health consequences of the 78 survivors
During the past 25 years of follow up, 45 survivors were deceased and 31 alive (Fig 5) . Twenty eight and 22 of the 78 survivors suffered from cardiovascular disorders or cancers, respectively. Stomach cancers were found in 8 survivors, of whom 4 were incured condition, leukemia/malignant lymphomas in 3 and meningioma in 2 survivors. Double cancers were found in two survivors ; one with meningioma and colon cancer, the other with stomach and colon cancers. 
DISCUSSION
Twenty years after Atomic bombing, Bloom and his colleagues 7) studied a large number of A-bomb survivors in Hiroshima and Nagasaki who were the participants of the Adult Health Study (AHS) Program at Atomic Bomb Casualty Commission (ABCC) -Radiation Effects Research Foundation (RERF). They found an increased frequency of cells with induced chromosome aberrations in the exposed individuals and the frequency of survivors bearing chromosomally aberrant cells was significantly higher in the proximally exposed than in the distally exposed group.
Using a 48-hour culture system, Sasaki and Miyata 8) first attempted to estimate the absorbed radiation dose for individual survivors in terms of the frequency of induced chromosome aberrations as an indicator of biological dose, studying 51 Hiroshima survivors and 11 controls. They were able to demonstrate a fairly good fit of biologically estimated individual doses to the doseresponse relationships obtained after in vitro exposures of lymphocytes to acute doses of X-rays. After Bloom, Awa and his colleagues continued the cytogenetic studies of A-bomb survivors at RERF and showed that there was a dose-dependent increase in the frequencies of the cells both with stable type of aberration (Cs) and with all kinds of aberration (Cs and unstable aberration, Cu). The shapes of dose-response curves appeared to be linear for these aberration category 9) .
In the present study, we demonstrated that the physically estimated doses exposed to the bone marrow correlated well with the frequency of stable type of aberration among the exposed people. The shape of dose-response curve was very similar to the data of Awa and his colleagues.
RERF has investigated for a long time the late effects of A-bomb radiation from epidemiological points of view, using a cohort group. All but two of the survivors presented here were not included in the RERF cohort, because of inability to calculate the exposed doses by DS86, due to heavy shielding. Our finding justifies the usefulness of the formula based on the chromosome aberrations for estimation of exposed doses in humans who received partial irradiation to the body or in uncertain condition of radiation exposure.
It is surprising evidence that all four proximally exposed survivors examined by transfection assay showed N or K RAS mutated genes in their bone marrow cells and three of the four developed cancer or leukemia 7 to 10 years later, even though they looked healthy at the time of the examination. Mutated K RAS gene was frequently found in cells from solid tumor 10, 11) . On the other hand, mutated N RAS gene was frequently observed in patients with myelodysplastic syndrome (MDS) or acute myelocytic leukemia 12, 13) . In animal experiment, mutated H or K RAS oncogenes were found in normal mammary glands two months before the onset of neoplasia 14) .
Early detection of the mutated RAS gene and the following appearance of malignant tumors presented here seemed not to be incidental. This kind of investigation will be necessary not only in the Hiroshima and Nagasaki Japanese survivors but also in heavily exposed survivors at Chelnovyl accident or Semiparatinsk residents exposed to chronic irradiation, for further understanding of the biological meanings of the detectable transforming genes. The health consequences of the radiation exposed people is very important matter. High frequency of leukemia and solid tumors among the exposed people in Hiroshima and Nagasaki has been established. In the present study, 22 of the 78 survivors (28.2%) suffered from cancer or malignant disorders. The percentage was not significantly high, compared with the general population in Japan. However, death from cardiovascular diseases (13 cerebro-vascular and 6 heart disease) seemed to be higher, compared with the general population. Recent study at RERF showed that death from cardiovascular diseases among the people exposed more than 2 Gy was significantly higher, compared with the control group 15) . Our results in a small sized but precisely followed group may confirm their finding.
In the present study, two of the 22 survivors with cancer had one more cancer, that is, double cancers. Starting from our experience of the patient with colon cancer and meningioma, we started a study on incidence of meningiomas and found an increase of meningioma with statistical significance among the survivors since 1975, 30 years after the exposure, representing clear dose-relationship 16) .
Clinical survey, not having been confirmed yet by epidemiological study, showed an increasing tendency of double cancer among the survivors exposed within 2 km from the hypocenter. The more the patients with cure for the cancer is, the more the possibility for the patients with the second cancer will increase, since A-bomb survivors have chromosome aberration and gene mutation in any tissue of the body.
A long span study presented here on heavily exposed people is very unique in the world. Further continuous follow up of these heavily exposed people will give us more information on the late effects of A-bomb radiation, which may arise in the future.
